Design: A retrospective radiographical analysis. Setting: This study was conducted at a single institution in China.
Participants: 53 patients with OLF who underwent posterior decompression surgery between January 2011 and July 2015 in a single institution were enrolled in this study. The decompression segments were grouped according to imaging evaluation and intraoperative evidences.
Outcome measures: The demographic distribution, radiological data and detailed surgical records were collected. First, preoperative CT images of decompressed segments were evaluated to identify imaging signs of DO. The 'tram tack sign' (TTS), 'comma sign' and 'bridge sign' were considered as characteristic imaging findings of DO in OLF. 4 kinds of confusing signs (false TTS) were identified and excluded. Then detailed surgical records were reviewed to finally identify segments with DO.
Results: The incidence of DO in patients with OLF was 43.4%. The incidence of DO in OLF segments was 21.5%. OLF was more common in the lower thoracic spine, and more than half (53.8%) of the DO was located in T9-T12. TTS was the most common sign, but it might be misdiagnosed. After excluding 4 kinds of false TTS, the sensitivity and specificity of imaging diagnosis were 94.23% and 94.21%, respectively.
INTRODUCTION
Ossification of ligamentum flavum (OLF) is the most common cause of thoracic spinal stenosis, [1] [2] [3] especially in East Asian populations. With the progression of OLF, the spinal cord will be subjected to severe compression and the patient may eventually be paralysed. Surgical treatment is generally accepted as the best option. [2] [3] [4] [5] [6] When compressed, the dura mater may also ossify. Then the ossified ligamentum flavum and dura mater fuse to be one inseparable bony tissue. This will increase the difficulty of surgery and the risk of spinal cord injury and cerebrospinal fluid leakage. 7 8 Preoperative identification of dural ossification (DO) can help surgeons to adopt appropriate surgical technique and get prepared to deal with the intraoperative dural laceration. In a preliminary study, the 'tram track sign' (TTS) and 'comma sign' (CS) were reported to be associated with DO. 9 However, owing to the relatively small study population and lack of awareness of these specific image signs accurate diagnosis of DO could not be obtained in previous studies. 2 10 Since the incidence of OLF and DO is relatively low, few studies have focused on this issue. 2 9 10 The incidence and distribution of DO were also unclear. The present study aimed to investigate the incidence, distribution and radiological characteristics of DO in thoracic OLF.
Strengths and limitations of this study
▪ This study made up for the current lack of understanding of dural ossification (DO) associated with ossification of ligamentum flavum (OLF) in the thoracic spine. ▪ The incidence, distribution and radiological characteristics of DO were described and analysed in detail. ▪ The study increased the accuracy of identifying DO in OLF before surgery. ▪ The study population was limited to patients with OLF who need surgical treatment.
METHODS

Study population
Patients with thoracic OLF who underwent posterior decompression surgery between January 2011 and July 2015 in a single Chinese institution were enrolled in this retrospective cohort study. The exclusion criteria were patients with OLF with thoracic trauma, infection, tumour and deformity. Fifty-three cases were finally included in this study, with Institutional Review Board approval. The main symptoms included numbness, zonaesthesia, asthenia, gait disturbance, back pain and bladder/bowel dysfunction. The indication of surgical treatment was neurological deterioration. All patients underwent open posterior decompression. Intraoperative, after resecting the lamina, the ossified ligamentum flavum was lifted and separated from the dura mater by gentle dissection. If ossifying, the dura mater will fuse with the ossified ligamentum flavum, which makes the separation impossible. In this condition, the ossified dura mater was also resected. Clinical data, preoperative CT and detailed surgical records were available for all the included patients. The decompression levels were grouped according to imaging evaluation and intraoperative evidences described below.
Imaging evaluation and identification of DO Preoperative axial CT scans of surgical decompression segments (involving vertebral levels) were the primary imaging to be assessed for every included patient. In our preliminary screening study, the TTS, CS and 'bridge sign' (BS) were considered as characteristic imaging findings of DO in OLF (figure 1). TTS and CS have been reported before. TTS was defined as a hyperdense bony excrescence, with a hypodense centre ( figure 1A, D) . It consisted of three parts in the axial CT scan: ossified dura mater (hyperdense), ossified ligamentum flavum (hyperdense) and the space between them (hypodense). These three parts together formed a tram track-like shape. CS was an imaging manifestation of ossification of one-half of the dura mater (figure 1B, E). Ossified dura mater and ligamentum flavum fused to be the head of the 'comma'. The tail of the 'comma' indicated that ossification extended to the lateral or ventral dura mater. BS, which was first reported in this study, was a hyperdense bony connection of bilateral OLF ( figure 1C, F) . The dorsal ossified dura mater presented as a bridge between bilateral ossified ligamentum flavum. Segments with the above signs on axial CT images would be initially diagnosed with DO in OLF.
TTS might be misdiagnosed as found in our preliminary screening study. So we defined and excluded four kinds of confusing signs (false TTS; figure 2): a false TTS consisted of a facet joint (figure 2A); a false TTS consisted of an ossified ligamentum flavum and superior articular process (figure 2B); a false TTS between the ossified ligamentum flavum and lamina (figure 2C); and a false TTS between the inner and outer bone cortex of a superior articular process ( figure 2D ). For atypical signs reference to adjacent imaging of the same segment might be helpful (figure 2E).
To ensure reliability, imaging evaluation was performed before the review of surgical records. Two observers, blind to the groups, were responsible for the imaging evaluation. One was responsible for our preliminary screening study, who defined the TTS, CS, BS and four kinds of confusing signs (false TTS). The other was responsible for our diagnosis study using the defined criteria of different kinds of imaging signs. Surgical decompression segments would then be divided into the following three categories (initial diagnosis): non-OLF segments, OLF segments without DO and OLF segments with DO. After imaging evaluation, surgical records were reviewed to identify which segments were truly associated with DO. This would be regarded as the final diagnosis. The incidence and distribution of DO were recorded.
Statistical analyses
Initial diagnosis was compared with the final diagnosis for calculating the sensitivity and specificity of imaging diagnosis. The test accuracy, positive and negative predictive values were also calculated. Data were presented as mean±SD. SPSS software (V.20.0, Chicago, Illinois, USA) was used for statistical analysis.
RESULTS
Population
Fifty-three patients with OLF (26 female; age 53.87 ±10.42, range 30-74) were included in this retrospective study. Twenty-three cases (13 female) had intraoperative evidence of DO. The mean age of the DO group was 54.65±9.62 compared with 53.27±11.12 in the non-DO group ( p>0.05; table 1).
Incidence
Of the 53 included patients, 242 surgical decompression segments were diagnosed with OLF by axial CT scan.
Fifty-two segments from 23 patients with OLF had DO related to OLF. The incidence of DO in OLF segments was 21.5% (52/242) and the incidence of DO in patients with OLF was 43.4% (23/53; table 1).
Distribution
The distribution of OLF and DO was shown in figure 3 . OLF was more common in the lower thoracic spine, and more than half (53.8%) of the DO was located in T9-T12. The majority of patients with DO (20/23, 87.0%) had only 1-3 segments involved (figure 4).
Accuracy of imaging diagnosis
In the imaging evaluation, 60 segments were initially thought to have DO. Of them, 11 with TTS had no intraoperative evidence of DO (table 2). Nearly half of these (5/11, 45.5%) were adjacent to segments with DO. Only four patients without DO were misdiagnosed with DO. Of 
DISCUSSION
As the primary cause of thoracic myelopathy, OLF commonly affects the lower thoracic spine in adults aged between 40 and 60 years. 2-4 11 12 This was supported by this study, which further indicated that more than half (53.8%) of the DO was also located in T9-T12 ( figure 3 ). The relatively high frequency of motion in this section may be one cause of this phenomenon. 13 14 Since conservative treatment is ineffective, surgical decompression has become the best option for patients with OLF. [2] [3] [4] [5] [6] When dura mater ossifies together with ligamentum flavum, the difficulty and risks of surgery will significantly increase. In this study, the incidence of DO in patients with OLF was as high as 43.4%, which was consistent with the study of Muthukumar.
9 It indicated the importance of diagnosis of DO. Preoperative identification of DO can help surgeons to adopt an appropriate surgical technique and get prepared to deal with the intraoperative dural laceration. It has been documented that the diagnostic value of MRI for DO associated with OLF or ossification of the posterior longitudinal ligament was inferior to CT. 8 9 Therefore, an axial CT scan of surgical decompression segments was used as the primary image to be evaluated in this study. TTS, CS and BS were considered as characteristic imaging signs of DO in OLF. TTS was the most common sign among them. However, it might be misdiagnosed. In the study by Sun et al, 10 the diagnostic specificity of TTS was only 59%. Misdiagnosis was also pointed out by Sun et al, 2 but no plausible solution was proposed. In our preliminary screening study, we found that the TTS in a diagnosis of DO should be more precisely called a 'TTS between ossified ligamentum flavum and dura mater'. To improve the accuracy of diagnosis, we defined and excluded four kinds of confusing signs (false TTS; figure 2 ): a false TTS consisted of a facet joint ( figure 2A) ; a false TTS consisted of an ossified ligamentum flavum and superior articular process ( figure 2B) ; a false TTS between the ossified ligamentum flavum and lamina ( figure 2C ) and a false TTS between the inner and outer bone cortex of a superior articular process ( figure 2D ). Among them, the false TTS of the ossified ligamentum flavum and superior articular process or lamina was easily misdiagnosed as DO. 2 For atypical signs, reference to adjacent imaging of the same segment sometimes could be helpful (figure 2E). After excluding these false TTS, the specificity of imaging diagnosis was 94.21% (179/190) and the sensitivity remained high at 94.23% (49/52).
However, there were still 11 segments without DO, while having false positives of TTS. It led that the positive predictive value of imaging diagnosis was relatively low (81.67%, 49/60). We further analysed these misdiagnosed segments and found that five of them were adjacent to the segments with DO. This phenomenon was previously reported in the literature. 12 False-positive TTS of another three segments was considered to be the imaging manifestation of incomplete OLF (ossification of the posterior and dural side of ligamentum flavum; figure 5 ). This was uncommon but hard to distinguish from TTS of the ossified ligamentum flavum and dura mater. The remaining three segments were misdiagnosed for irregular signal. All the segments with BS or CS had DO.
The exact pathogenesis of OLF is still unknown. Both intrinsic [15] [16] [17] [18] [19] [20] [21] and extrinsic [22] [23] [24] factors were reported to be associated with the ossification of the spinal ligament. Currently, mechanical stress as an extrinsic factor is thought to be important in the process of OLF. When the spinal ligament is under tension stress, some fibroblastic cells can transform into chondrocytes and expression of BMP-2, TGFb and SOX9 will increase. 23 24 Yayama et al 23 postulated that ossification of dura mater is probably due to dilution of the above cytokines related to osteogenesis from the ossified ligamentum flavum. Based on the literature, a potential mechanism of DO was proposed before. 14 The relative movement between OLF and compressed dura mater, due to the flexion and extension of the spine, will cause local inflammation, leading to dural adhesion.
14 Then the adhesion tissue can act as a tunnel to transport osteogenic cytokines aforementioned from OLF to compressed dura mater, which causes the dura mater directly adhered to OLF first ossifies.
14 According to this, DO may start at the portion that is directly in contact with the ossified ligamentum flavum. Since there is no gap between the ossified dura mater and ligamentum flavum, no special imaging signs will appear. This could explain why some segments with DO did not have any of the aforementioned special imaging signs in previous studies 9 10 and ours. Only when the ossification extended to the surrounding dura mater that was not in contact with the ossified ligamentum flavum, these special imaging findings would appear. In the same segment CT scan of some patients, the most serious compression level did not have these special imaging findings, while adjacent levels under less compression did ( figure 6 ). This phenomenon was a supporting evidence of our hypothesis.
This study made a comprehensive analysis of DO. Radiological characteristics of DO were described and analysed in detail. Limitations still exist in this study. The study population comprised patients with OLF who needed surgical treatment. So the incidence and distribution of DO reported in this study was restricted to this population. The mechanism and progression of DO need to be further investigated in the future. Large sample multicentre prospective studies are still needed to further assess the accuracy of imaging diagnosis.
CONCLUSIONS DO was relatively common in thoracic OLF. T9-T12 were the most frequently involved segments. TTS might be misdiagnosed. After excluding four kinds of false TTS, the accuracy of imaging diagnosis was relatively high.
